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Abstract

In order to describe a task for the robot manipulator, a
desired path for the end effector is usually specified in task
space such as Cartesian space. In the presence of uncer-
tainty in kinematics, it is impossible to derive the desired
joint angle from the desired end effector path by solving
the inverse kinematics problem. In addition, the Jacobian
matrix of the mapping from joint space to task space could
not be exactly derived. In this paper, we present feedback
control laws for setpoint control of robot with uncertain
kinematics and Jacobian matrix from joint space to task
space. Sufficient conditions for the bound of the estimated
Jacobian matrix and stability conditions for the feedback
gains are presented to guarantee the stability of the robot’s
motion. Simulation results are presented to illustrate the
performance of the proposed controllers.

1 Introduction

Many research efforts have been devoted towards the
development of control schemes for dynamic control of ro-
botic manipulator. In most of the control methods, the
controllers are designed to move the robots along the de-
sired joint angles [1, 2, 3, 4, 5, 6]. In order to move the robot
end-effector along a desired path, the exact knowledge of
the kinematics is required to solve the inverse kinematics
problem to generate the desired paths in joint space. How-
ever, when the kinematics of the robot system is uncertain,
it is impossible to derive the desired joint angle from the
desired end effector path. When the control problem is
formulated directly in task space [7, 8, 9], the inverse kine-
matics problem is replaced by a Jacobian transpose in the
control law. However, such schemes still require the exact
knowledge of the Jacobian matrix from joint space to task
space. In the presence of certain uncertainties, the Jaco-
bian matrix could not be exactly derived. To alleviate the
difficulty, a feedback control law with imperfect Jacobian
matrix is proposed by Miyazaki and Masutani [11]. The
result is valid in a local sense when the initial states belong
to a restricted region around the equilibrium state. In the
paper [11], a sensor co-ordinate is defined as the task space
and the exact knowledge of the Jacobian matrix of the map-
ping from Cartesian space to sensor space is not required.
However, it is assumed that the exact model of manipu-
lator Jacobian matrix of the mapping from joint space to
Cartesian space is exactly known. It is also not sure to
what extent the uncertainty could be allowed.
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Therefore, most research on robot control has assumed
that the exact kinematics and Jacobian matrix of the ma-
nipulator from joint space to Cartesian space are known.
This assumption lead us to several open problems in the
development of robot control laws today. In free motion,
this implies that the exact lengths of the links, joint offsets
and the object or tool which the robot is holding, must
be known. When the control problem is extended to the
control of multi-fingered robot hands, such assumption also
limits its potential applications because the kinematics is
usually uncertain in many applications of robot hands. For
example, the contact points of the fingers are usually uncer-
tain and changing during manipulation. Similarly, in hy-
brid position force control, such assumption of exact kine-
matics also leads us to an open problem on how to control
the robot if the kinematics and constraint are uncertain.

To overcome these problems, we proposed approximate
Jacobian feedback control laws [12, 13, 14, 15] for setpoint
control of robots with uncertainties in the entire kinematics
and Jacobian matrix from joint space to task space. It was
shown that the end-effector’s position converges to the de-
sired position even when the kinematics and Jacobian ma-
trix are uncertain. The proposed controllers [12, 13, 14, 15]
require the measurement of a task space by a sensor such
as vision systems and the task velocity vector is usually
obtained by differentiation of the task vector. In this pa-
per, we propose two new feedback control laws for setpoint
control of robots with uncertainties in the kinematics and
Jacobian matrix. In these new controllers, instead of using
the actual task velocity vector as in [12, 13], we shall es-
timate the task velocity from the joint velocity and derive
condition to guarantee the stability of the robot’s motion.
The main difficulty of estimating the task velocity from the
joint velocity comes from the fact that the Jacobian matrix
is uncertain in the presence of kinematic uncertainties. As
a result, it is not sure whether the stability of the system
could still be guaranteed. The main advantage is that feed-
back control can be established by measurement of joint ve-
locity using tachometer or by differentiation from the joint
angles which is usually less noisy. Sufficient condition for
the bound of the estimated Jacobian matrix and stability
conditions for the feedback gains shall be presented to gain
a further understanding on the stability problem of feed-
back control with uncertain kinematics. A gravity regres-
sor with uncertain Jacobian matrix is proposed for grav-
itational force compensation when the gravitational force
is uncertain. Applications of the proposed controllers to
visual servoing of robots without camera calibrations are



discussed and simulation results are presented to illustrate
the performances of the proposed controllers.

2 Problem Formulation
The equation of motion for the robotic manipulator with
n degrees of freedom is given in joint space as [4]:

M(@)i+ (B+ 50(0) + @)+ g@) =7, (1)

where ¢ € R™ denotes the joint angles of the manipulator,
M(-) € R™*™ is the inertia matrix which is symmetric and
positive definite, B € R™*" denotes viscous friction matrix,
g(g) € R™ is the gravitational force, 7 € R" is the control
inputs and S(q, ¢) is a skew-symmetric matrix expressed by
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Let X € R™ (m < n) be a task space vector defined by
X =h(q), ®3)

where h(-) € R® — R™ is generally a nonlinear transfor-
mation describing the relation between the joint and task
space. Then, the derivative of X is given as

X = J()q, (4)

where J(-) = ag;) € R™*™ is the Jacobian matrix.
Previously, we have developed the following approximate

Jacobian feedback control law [12]:

T =—J"(q)(Kps

where J(g) € R™*™ is an approximate Jacobian ma-
trix, e = X — Xq = (e1,---,em)’ is the positional
deviation from the desired position X4 € R™, s(e) =
(s1(e1), -+, 8m(em))”, Kp, K, are positive definite diag-
onal feedback gains for the position and velocity respec-
tively, s;(+), ¢ = 1,---,m, are saturated functions [4] to be
defined. The task space vector X is measured by a sensor
such as vision systems, electromagnetic measurement sys-
tems and laser tracking systems, and X is usually obtained
by differentiation of the task vector.

It is important to note that X and X could not be cal-
culated from joint space using equations (3) and (4) since
the kinematics is uncertain.

In this paper, we propose a new controller based on the
estimated task velocity as follows:

() + Ko X) + g(q) (5)

—J (@) Kps(e) — T () Ko X + g(q) (6)

where . .
X =J(q)q-

In this case, X is obtained by differentiation of the joint
angles but it introduce a question on whether the stability
of the system could still be guaranteed. We assume that
JT(q) is chosen so that

17 (@) = T (@)l < p, (7)

and p is a positive constant to be defined later.
Our objective is to show the asymptotic stability of the
motion under the uncertain Jacobian feedback control law

(6) and derive stability conditions to gain a further under-
standing on the feedback control problem of robot when
the kinematics is uncertain.

3 Feedback Control of Robot with Un-
certain Jacobian

Let us define a scalar potential function S;(6) and its
derivative s;(0) as in [4] with the following properties :

(1) S;(0) >0 for 8 # 0 and S;(0) =
(2) Si(0) is twice continuously differentiable, and the

derivative s;(0) = %&0) is strictly increasing in 6 for

|| < 7 with some ~; and saturated for |8] > -, i.e.
si(0) = +s; for 6 > +v; and 6 < —-; respectively
where s; is a positive constant.

(3) There are constants ¢; > 0, d; > 0, d;(> d;) > 0 such
that,
dis; (0) > 0s:(0) > dis; (0) >0, Si(0) > cisi(6),

for 6 # 0. |

Substituting equation (6) into equation (1), we have

M(q)ij+(3+%M( )+5(g,d)d+J" (a) (Kps(e)+Kud (a)d) = 0.

9)
Let us define a vector y of the form

y=q+ad(q)sle). (10)

where J*(q) denotes the pseudo-inverse of J(q) such that
J(q)J* (q) is non-singular and J(q)J*(¢) = I. Then, the
inner product of y with equation (9) yields,

SV (s(e), )+ W(s(e), d) =0, (11)
where

V(s(e),d) = 34" M(q)d + ad” M(q)J* (q)s(e)
+ 20 (kpi + akus) Si(es), (12)

W(s(e),q) —q'T(j (@)KoJ(q) + B)i + as(e) 'K ps(e)
—q"(J"(q) - ()),,() as(e) Ky (J(q) = J(9))q
+afs(e)" (J7(0)" (B —%M( )+ 5(g:4))4

—S'(e)T(j+(q))TM(q)d—8(€)T(J @) 'M(g)q,}  (13)

and kp;, kvi denote the i*" diagonal elements of K, and K,
respectively. Since

14" M(q)q+ ag" M(q)J " )+ 2200 (ki + ki) Si(ei)
=3+ 206J+(Q)5(6))TM(Q)(Q + 204J+(q)8(6)) -
a®s(e)"(J*(q))" M (q) T (q)s(e) + D07, (kpi + akui) Si(eq)
> 30 {kpiti + alkoiCi — adm)}s? (ei)

where A, 2 Amaac[(jJr(Q))T
equation (12), we have

M(q)J ™" (q)]. Substituting into

V(s(e) ) > 74" M@+ {hpeitalkuici—adm)}si(e) > 0

=1



where K, and a can be chosen so that
kyiCi — adm > 0. (14)

Therefore, the function V(s(e),q) represents a Lyapunov
function candidate for the setpoint control of the robot with
uncertain Jacobian matrix. From the last term on the right
hand side of equation (13), since s(e) is bounded, there exist
constants c¢o > 0 and ¢1 > 0 so that [4]

als(e)" (S (@) (B — $M(q) + S(a,4))d
—8()"(J ()" M(@)d — s(e)"(J ()" M(q)d]

< acol|glf* + e [[s(e)]|*. (15)

Substituting this into equation (13) and let A = JT(q) -
JT(q), we have

W(s(e),d) > " (J" (9)KuJ(q) + B = acol)q

+as(e)T (K, —eil)s(e) — ¢TA(K, + aK,)s(e)(16)

The existence of a A so that W > 0 can be clearly seen

from equation (16). In the following development, we will

derive a sufficient condition to guarantee W > 0. From
equation (16), we have

W (s(e),4) = {Amin[J" (0) Ko J (q) + B] — aco}l|4]|?
—PAmaz[Kp] + admaa[Ko])[s(e)[] - 4]
+a(Amin[Kp] — c1)|[s(e)l|?, (17)

where by denotes the norm bound for J(g).Note that

(ls(e)II* + lldl*)- (18)

N | =

—lls(el - llgll = =

W(s(e),d) > (AmaslKo]l —aco)lld]®
+(Amac[Ko]lz = act)[[s(e)[?,  (19)

where
i =X — 5(a1 +a),
lo = aaq 722;1[[1}?;]] — 2(a1 + ),
A\ = )\m,qzn,[l)\q:’f;lif[(lgj(q)vLB]’ (20)
and a1 = % Hence if
N 2a1a)\mm[Kp]
min{ af:\:a, a;’:‘;{m }>op, (21)

then Iy > 0 and l2 > 0 and hence K, can be chosen large
enough so that

(67

[e7865)
—F——>0
Amaac [Kv] >

b= Amaac[Kv] >0

Iy — (22)
and hence W > 0. Note that in condition (21), the viscous
friction Bg plays a role in ensuring the robustness of the
uncertain Jacobian controller. In practice, such friction is
always present in robots or can be added intentionally to
the control input 7.

Figure 1 show the graphical illustration of the condi-
tion. In order to guarantee the stability of the system with

uncertain Jacobian matrix, the allowable bound p of the
Jacobian uncertainty A = J7 (q) — J7 (g) must be less than
the minimum of the two curves shown in the figure. From
condition (21), if p is small, o can be chosen small and
therefore a smaller controller gain is required as seen from
equation (22). Note that a larger range of a1 can be chosen
for a smaller p as seen in the figure. Conversely, if p is large,
a larger controller gain is required and a narrower range of
a1 is allowed. The condition implies that for a chosen K, if
the position feedback gain K, is increase by increasing ai,
then the allowable bound of the Jacobian uncertainty A is
decreased. This is reasonable because increase K, amplifies
the estimated Jacobian J(g) and hence more accuracy on
the estimation is required.

As compared with the stability condition in our previous
paper [12], we note from condition (21) that a1 could not be
too small with the estimated task space velocity. This could
be due to the fact that additional uncertainty is present in
the task velocity (estimated by J(¢)¢) and hence K, could
not be too large.

Note that the intersection of the two curves denotes the
maximum bound of the sufficient condition (23). To gain
a further insight on the condition, we let K, = kI, K, =
ak, I for simplicity, then condition (21) becomes,

2/\2 2a1a
a+a a+a

min{ }>p (23)

where X2 = Amin[J7T (¢)J(q) + B/ks] When the two curves

intersect, we have a = 2% and condition (23) becomes,

>

20[)\2

m7 (24)

The left hand side of equation (24) is maximum when « =

1
AZ. Hence, condition (24) becomes,
1
P<As, (25)

which is the maximum allowable bound of the Jacobian
uncer

//“"f @+ K,

Figure 1: Variation of p with a

We are now in a position to prove the following Theo-
rem:

Theorem 1. The equilibrium state (Xa,0) of the closed
loop system described by equation (9) is asymptotically sta-
ble with uncertain Jacobian matriz j(q) if the feedback gains
K, and K, are chosen to satisfy conditions (14), (21), (22),
and J(q) is chosen to satisfy condition (7).



Proof:
Since both V' (s(e),¢) and W(s(e),q) are positive definite,
from equation (11), we have

—V(s(e),q) = —W(s(e),q) < 0. (26)

Hence, V is a Lyapunov function whose time derivative is
negative in (s(e),q). This implies directly the asymptotic
stability of the equilibrium state such that, X4 — X — 0,
¢ — 0, as t — oo for any initial state X (0) and ¢(0).

4  Feedback Control With Uncertain
Gravitational Force

Next, we consider the case with uncertain gravitational
force compensation and with uncertain Jacobian matrix us-
ing the concept of gravity regressor [5, 6, 4]. In our ap-
proach, the exact knowledge of the Jacobian matrix is not
required in updating the regressor. Note that the gravity
term can be completely characterized by a set of parameters
0= (61,---, 0,)7 [4] as

9(q) = Z(q)9, (27)

where Z(q) € R™ P is the gravity regressor. Then, the
control input is proposed as

T (Kps(e) + Ko (@) + 2@, (28)
Bty = 6(0) — L / 27 (a(P)(a(r) + ad* (a(r))s(e(r)))dr,

(29)
where 0(0) is the initial estimations at t = 0 and L € RP*?
is a positive definite matrix. Substituting equations (27)
and (28) into equation (1), we have

M(q)g+ (B + M(q) + S(a, )
+JT (@) (Kps(e) + Ko J(9)d) + Z(q)A0 =0, (30)
where A9 = 6 — §. The asymptotic stability of the equi-

librium state (Xg4,0) with uncertain gravitational force is
specified by the following Theorem:

Theorem 2. The equilibrium state (Xaq,0) of the closed
loop system described by equations (30) and (29) is asymp-
totically stable with uncertain Jacobian matriz j(q) and
gravitational force if the feedback gains K, and K, are cho-
sen to satisfy conditions (14), (21), (22), and J(q) is cho-
sen to satisfy condition (7).

Proof:

Taking inner product of equation (30) with y = ¢ +
aJt(q)s(e) and using equation (29), we have

£{3d" M()q+ aq" M(q)J* (q)s(e) + D7 | (kpi +
akvi)Si(ei) + %AHTLAA@} +4 (JT( VK. J(q) + B)d
+as(e)" Kps(e) — 4" (J(q) — I (q)) Kps(e)
—QS(e)T(J() j( NG
+afs(e)" (ST (q)" (B — $M(q) + S(q,4))d
—5() (J* (@) "M (@) — s(e)"(J (@)"M(@)d,} = 0,
which is equal to

d

L (V(s(e).d) + 3A0TLAG) = ~W(s(e)d). (D)

Therefore, by LaSalle’s invariance Theorem, we have, X4 —
X — 0, ¢ — 0ast — oo for any initial state X (0) and ¢(0).

Similar to our previous controllers proposed in [12], the
controllers in this paper is dependent on .J(¢) but not J(q).
In addition, the analysis is independent of J* (q) and only
dependent on J*(q). This indicates the potential use of
designing J (¢) purposefully so that the control law will not
get stall at the singular configurations or regions of the ma-
nipulator. That is, instead of using J(g) which is not of full
rank at a singular point, it is now possible to design a j(q)
so that it is of full rank at the singular point. Condition
(7) and (21) could also serve as a measure for the passabil-
ity at singular points [12]). Our approach would widen the
feasible workspace of robot since it would be able to pass
through the singular points instead of avoiding it. There-
fore, the equilibrium state is globally asymptotically stable
if the estimate of the Jacobian matrix is carefully chosen to
be nonsingular at the singular points.

5 Application to Visual Servoing

If cameras are used to measure the position of the end-
effector, the task coordinates is defined as image coordi-
nates. Let r represents the position of the end-effector in
Cartesian coordinates and X represents a vector of image
feature parameters [16]. The velocity vector X is therefore
related to ¢ as

X = Ji(r)i = Jr(r)Je(q)d, (32)

where Jr(r) is the image Jacobian matrix and Je(g) is the
manipulator Jacobian matrix of the mapping from joint
space to Cartesian space. Therefore, the controllers de-
scribed by equation (6) and equation (28) includes image-
based position controller [16] with

J(q) = Jr(r)Je(q), (33)

where J(q) = Jr(r)Je(q). It is important to note that in
the research of vision-based control [16], no stability result
has been obtained for such image-based controller with a
general class of uncertainty in the entire Jacobian matrix
J(q), taking into consideration the full nonlinear robot dy-
namics. In [11], a simple rotation transformation matrix
Jr(r) = R(r) is considered and J.(q) is assumed to be ex-
actly known. That is, J(q) = R(r)Je(¢). Furthermore, it
is assumed that the robot is nonredundant and the result
is only valid in a local sense. This restricts the potential
applications since image-based robots are redundant in gen-
eral. It is also not sure to what extent the uncertainty of
the Jacobian matrix could be allowed.

5.1 Simulation

To illustrate the results, let us consider the 2-link manipu-
lator holding an object as shown in figure 2 [12]. The ma-
nipulator Jacobian matrix of the mapping from joint space
to Cartesian space r = [z, y]T for this manipulator is given
by :

—lis1 — (la +1o)s12
lici + (la + lo)ca2

—(l2 +15)s12

Jela) = (l2 + lo)cr2

(34)
where s1 = sin(q1), c1 = cos(q1), s12 = sin(q1 + ¢2), c12 =
cos(q1 + ¢q2) and [1, l2, I, denote the lengths of the first,
second links and object respectively.



Figure 2: A Two-link Robot Holding an Object

A camera is placing parallel to the plane with certain fo-
cal length and some distance away as shown in the figure.
We consider the relationship between this vision coordi-
nates X = [zs,ys]” and the Cartesian coordinates given by
[12]

zs | fi cosd sind T ds

ys | z—fi | —sind cosd Y * dy
where § is the rotational angle of the vision coordinates
relative to the Cartesian coordinates, d = (ds,dy)T is the
offset of the origins of the coordinates, f; represents the
focal length of the camera and z represents the perpendic-
ular distance between the robot and the image form in the

camera. The perfect Jacobian of the vision system from
the joint to the vision coordinates is as below,

J(g) = fi { cosd  sind :|Je(q)

z—fi | —siné cosd

In the simulation, the exact masses m1 and ms of the links
were set to 2 kg, the exact lengths [; and l2 of the links
were set to 1 meter, f; was set as 0.05 m, z was set as 3 m
and both d, and d, were set to 0 meter. The robot holds
an object of m, = 0.5 kg and [, = 0.5 meter.

Effects of Camera Calibration Errors

When the camera model is uncertain due to camera calibra-
tion errors, we could only approximate the Jacobian matrix
as,

j(q): _ fl _ { cosgA sin &
Z—fl

where § is the estimation of §, fl and Z are the estimations
of f; and z respectively.

First, the camera parameters were set as: fl = fi =0.05
m, 2 =z = 3 m and § was varied. It was observed that
the parameter ¢ has a greater effect on the stability of the
robot. The system would become unstable when the error
is too large. With K, = K, = 5000 (a = 1), Figure 3
shows an unstable response with § = 60°.

] Je(q)

—sind cosd

To stabilize the system, we have to reduce the feedback
ratio as stated in the Theorem 1 and illustrated in figure
1. Figures 4 shows a stable response with a is reduced to
0.5 (by increasing K,) with K, = 5000/, K, = 10000
and Figure 5 shows a stable response with K, = 25001,
K, = 5000 (by reducing K).

POSITION ERROR

0 20 40 100 120

60
TIVE (SEC)

Figure 3: Effects of Large §
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Figure 4: Effects of reducing a by increasing K,

Effects of Uncertain Kinematics
Next, we consider robots with uncertain kinematics. In
addition, the robot is also holding an object of uncertain
length or uncertain gripping point. When the kinematics of
the robot is uncertain, we could only obtain an approximate
manipulator Jacobian matrix as follows:

2 —i181 — (iz + le)812 -
Je = ~ ~ ~
(a) lici + (I2 4+ 1o)ci2 (l2 + lo)ciz

where fl, [2 and le are the estimations of I1, l2 and [, re-
spectively. Simulation result with [, =0m and [; = 0.75
m, ig = 1.25 m, K, = 50007, K, = 5000/ is shown in Fig-
ure 6.
Overall Effects

When all the uncertainties mentioned above were consid-
ered together, the system remains stable so long as the
feedback ratio a is tuned properly as in the Theorems. Fig-
ure 7 shows a stable response with fl =01m, Z2=4m,
K, = 50001, K, = 300001.

Finally, Figure 8 shows the result of using a regressor
with Kp = 50001, K, = 30000, L = 0.12] and o = 1.
01(0) and 62(0) were set to zero.

6 Conclusion

We have proposed feedback control laws for setpoint con-
trol of robots with uncertainty in the kinematics from joint
space to task space and with uncertain dynamics. We have
shown that the task velocity in the controller can be ob-

served by the estimated task velocity X = j(q)q. The
end-effector’s position converges to the desired position in
the task space even when the kinematics is uncertain. Most
important of all, our results can be extended naturally to
the control of robot fingers with uncertain Jacobian matrix
[14] and hybrid position and force control of robot with
uncertain kinematics and constraint [15].
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Figure 6: Effect of Uncertain Kinematics

References

1]

2]

3]

[5]

[6]

[7]

8]

[9]

J. M. Hollerbach, ”A Recursive Lagrangian Formu-
lation of Manipulator Dynamics and a Comparative
study of Dynamics Formulation Complexity ”, IEEE
Trans. on Systems, Man, and Cybernetics, 10, pp. 730
— 736, 1980.

M. Takegaki and S. Arimoto, "A New Feedback
Method for Dynamic Control of Manipulators”, Jour-
nal of Dynamic Systems, Measurement, and Control,
103, pp. 119 — 125, 1981.

S. Arimoto and F. Miyazaki, ” Asymptotic Stability of
Feedback Control for Robot Manipulators” , Proc. of
IFAC Symposium on Robot Control, Barcelona, 1985,
pp. 447 — 452.

S. Arimoto , ” Control Theory of Nonlinear Mechani-
cal Systems - A Passivity-Based and Circuit-Theoretic
Approach”, Clarendon Press, Oxford, 1996.

P. Tomei ” Adaptive PD Controller for Robot Manipu-
lators”, IEEE Transactions on Robotics and Automa-
tion, 7, pp. 565 — 570, 1991.

R. Kelly ”Comments on Adaptive PD Controller for
Robot Manipulators”, IEEE Transactions on Robotics
and Automation, 9, pp. 117 — 119, 1993.

S. Arimoto and F. Miyazaki, ”Stability and Robust-
ness of PID Feedback Control for Robot Manipulators
of Sensor Capability” ,Robotic Research: The first In-
ternational Symposium, M. Brady and R. P. Paul Eds,
Cambridge, MA:MIT Press, pp. 783 — 799, 1983.

N. Hogan, ”Impedance Control: An Approach to Ma-
nipulations, Parts 1, 2 and 3”7, Journal of Dynamic
Systems, Measurement, and Control, 107, pp. 1 — 24,
1985.

O. Khatib ”"An Unified Approach for Motion and
Force Control of Robot Manipulators: the Operational
Space”, IEEE Transactions on Robotics and Automa-
tion, 3, pp. 43 — 53, 1987.

[10]

[11]

[12]

[13]

[14]

[15]

[16]

POSITION ERROR

(] 20 40 100 120

60
TIME (SEC)

Figure 7: Effects of All uncertainties

POSITION ERROR

o 20 0 100 10

60
TIME (SEC)

Figure 8: With Gravity Regressor

J.J.E. Slotine and W. Li ”On the Adaptive Control of
Robot Manipulators”, International Journal of Robot-
ics Research, 6, pp. 49 — 59, 1987.

F. Miyazaki and Y. Masutani, ”"Robustness of Sen-
sory Feedback Control based on Imperfect Jacobian” ,
Robotic Research: The fifth International Symposium,
H. Miura and S. Arimoto Eds, Cambridge, MA:MIT
Press, pp. 201 — 208, 1990.

C. C. Cheah, S. Kawamura and S. Arimoto, ” Feed-
back Control for Robotic Manipulators with Uncertain
Kinematics and Dynamics ” IEEE Int. Conference on
Robotics and Automation , (Leuven), pp 3607-3612,
1998.

C. C. Cheah, S. Kawamura, S. Arimoto and K. Lee,
”PID Control for Robotic Manipulator with Uncer-
tain Jacobian Matrix”, Proc. of IEEE Int. Conference
on Robotics and Automation , (Detroit, Michigan), pp
494-499, 1999.

C. C. Cheah, H.Y. Han, S. Kawamura and S. Arimoto,
”Grasping and Position Control of Multi-fingered Ro-
bot Hands with Uncertain Jacobian Matrices” IEEE
Int. Conference on Robotics and Automation , (Leu-
ven), pp 2403-2408, 1998.

C. C. Cheah, S. Kawamura and S. Arimoto, ”Hybrid
Position and Force Control for Robotic Manipulator
with a Class of Constraint Uncertainty” USA/Japan
Symposium on Flexible Automation, (Otsu, Japan), pp
501-507, 1998.

S. Hutchinson, G.D. Hager and P.I. Corke ” A Tutorial
on Visual Servo Control ”, IEEE Trans. on Robotics
and Automation, 12, pp. 651 — 670, 1996.



